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We have investigated the optimally doped tri-layer cuprate Bi2Sr2Ca2Cu30io+i (Bi2223) by angle- 
resolved photoemission spectroscopy, and observed energy bands and Fermi surfaces originated from 
the outer and inner Cu02 planes (OP and IP) separately. The OP band is overdoped (hole density 
~ 0.26/Cu) with a large d-wave gap of Aq ~ 43 meV while the IP is underdoped (~ 0.06/Cu) with 
an even large gap of Aq ~ 60 meV. We propose that the enhancement of the Ao of IP is due to the 
minimal influence of out-of-plane disorder and that the OP gap is then enhanced through interlayer 
coupling, most likely a proximity effect from the IP. 



PACS numbers: Valid PACS appear here 

It has been well known that one of the most efficient 
ways to increase the critical temperature (T c ) of high- 
Tc cuprate superconductors (HTSCs) is to increase the 
number of neighboring CuC>2 planes (n). T c generally in- 
creases from single-layer (n = 1), double-layer (n = 2), to 
tri-layer (n = 3) and then decreases for n > 4 y|. So far, 
several mechanisms have been proposed to explain the n 
dependence of T c . According to the tunneling mechanism 
of Cooper pairs between the Cu02 planes, T cmax should 
increase with increasing n Q ■ However if one takes into 
account the charge imbalance between the planes and the 
existence of competing order, T c max takes a maximum at 
n = 3 Q in agreement with experiment. Meanwhile, T c 
shows tendency to increase with next-nearest-neighbor 
Cu-Cu hopping parameter t' , which increases with the 
number of Cu02 planes [4J. Also, T c increases with de- 
creasing degree of out-of-plane disorder 0, So far, 
which governs the n dependence of T C)max has been un- 
clear because of the lack of detailed knowledge about the 
electronic structure of the multi-layer cuprates. 

In the case of Bi-bascd HTSCs, the opti- 
mum T c (Xc.max) increases from the single-layer 
Bi 2 Sr 2 Cu06+5 (Bi2201, T c , max = 35 K), the double-layer 
Bi 2 Sr 2 CaCu208+5 (Bi2212, T c ,max = 95 K) to the 
tri-layer Bi 2 Sr2Ca2Cu 3 Oio + 5 (B12223, T c , max = 110 K). 
Angle-resolved photoemission spectroscopy (ARPES) 
studies of double-layer Bi2212 0, @] and four-layer 
Ba 2 Ca 3 Cu40 8 F2 (F0234) (hJ have revealed the splitting 
of band dispersions and Fermi surfaces (FSs). In Bi2212, 
hybridization between the two Cu02 planes causes 
splitting into the bonding and anti-bonding bands 
0. The ARPES study on F0234 has indicated band 
splitting due to the different hole concentrations of the 
outer CuC>2 planes and the inner Cu02 planes, and 
correspondingly two FS sheets have been observed flpj ] . 



The maximum superconducting (SC) gap was ~ 60 
meV, approximately twice as large as that of the smaller 
one. On the other hand, previous ARPES results on 
the tri-layer Bi2223 have not revealed band splitting 
and multiple FSs 11, [12, EH- In the present work, we 
have successfully observed the band splitting of Bi2223 
through a detailed photon-energy dependent study and 
indicated that the outer Cu02 plane (OP) and the inner 
Cu02 plane (IP) have different doping levels and gap 
magnitudes. We can thus correlate the high T CiBlax in 
Bi2223 with the large SC gaps for the OP and IP. 

Single crystals of optimally doped Bi2223 (T c = 110 K) 
were grown by the travelling solvent floating zone (TSFZ) 
method [3]. ARPES experiments were carried out at 
BL 9A of Hiroshima Synchrotron Radiation Center (hv 
= 6.6 - 12.9 eV, circularly polarized light), BL 5-4 of 
Stanford Synchrotron Radiation Laboratory (hv = 18.5 
eV, linear polarized light), BL 28 A of Photon Factory 
(hv = 45 eV) , and the University of Tokyo (He la hv = 
21.218eV). The total energy resolution (AE) was set at 
5, 11, 15 and 18 meV, respectively. The samples were 
cleaved in situ under an ultrahigh vacuum of ~ 1 x 10~ n 
Tort. The temperature of experiments were performed 
at T = 10 K. 

In Figs. 1(a) and 1(b), we show spectral weight map- 
ping at 40 meV below the Fermi level (Ep) integrated 
within a window ± 5 meV taken with hv = 7.65 and 11.95 
eV, respectively. Two FS sheets corresponding to the OP 
and IP are successfully resolved, and the intensity of OP 
is enhanced for hv = 7.65 eV while that of IP is enhanced 
for hv = 11.95 eV. As shown in Fig. 1(e), the intensity ra- 
tio of the OP and IP bands deduced from the momentum 
distribution curve's (MDC) at Ep in the nodal direction 
are indeed strongly dependent on photon energy. In par- 
ticular, in the low-photon energy region, it changes dra- 
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of the MDC for the OP band at E F , ~ 0.011 (A" 1 ), is 
significantly larger than that of the IP band ~ 0.0074 
(A -1 ), suggesting that two unresolved OP bands exist. 
The FWHM of the IP band is nearly the same as that 
of the bonding or anti-bonding band in Bi2212, 0.0065 
(A -1 ) [8], indicating its single-component nature. The 
FSs for the OP and IP have been determined by the 
minimum-gap-locus in the SC state. The values of the 
tight-binding (TB) parameter are -t'/t ~ 0.26 (OP) and 
~ 0.29 (IP), if the third-nearest-neighbor hopping param- 
eter is assumed to be —t"/t' — 0.5. The hole concentra- 
tion for the OP and IP bands deduced from the FS areas 
are ~ 26 and ~ 6 %, respectively. These values are quan- 
titatively different from those estimated from the NMR 
results [l5( for the optimally doped Hgl223, i.e., ~ 0.35 
(OP) and ~ 0.30 (IP). The discrepancy is probably due 
to hybridization between the OP and IP, which reduces 
the "net" charge differences probed by NMR compared 
with the "nominal" charge differences probed by ARPES. 

In Figs. 2(a) and 2(b), we show dispersions in the SC 
state for the OP and IP bands taken with hv = 9 and 
11.95 eV, respectively, from the nodal to off-nodal cuts. 
The gap energies for both bands are very different, as in 



FIG. 1: (Color online) (a), (b): Intensity plots of ARPES 
spectra for Bi2223 at E = —40 ± 5 meV in momentum space. 
Two Fermi surfaces are observed corresponding to the outer 
Cu02 plane (OP) and inner CuCh plane (IP). Superstructures 
due to the Bi-O layer modulation are indicated by SS. (c), (d): 
Band dispersions in the nodal direction. Red arrows in (c) and 
(d) correspond to the nodal direction as shown by red arrows 
in (a) and (b), respectively. The energies of the kinks for the 
OP and IP bands are different as shown by white arrows, (e): 
Relative intensities of the OP and IP bands as functions of 
photon energy. For hv — 7.65 eV [(a), (c)], the OP band 
spectra are enhanced while for hv = 11.95 eV [(b), (d)], the 
IP band is enhanced. Measurements have been performed at 
T = 10 K. 



matically with small changes in photon energy. Here, we 
assign the FS sheet closer to the T point to the OP, and 
the other FS sheet to the IP, following the NMR studies 
of tri-layer HTSCs [(Cu,C)Ba 2 Ca 3 C'u30 1 o_,5 (Cul223), 
HgBa2Ca 2 Cu308+5 (Hgl223), etc], where the hole con- 
centration of the OP is found to be larger than that of 
the IP [H. 

The dispersions in the nodal direction corresponding 
to Figs. 1(a) and 1(b) are shown in Figs. 1(c) and 1(d), 
respectively. Since there are three neighboring Cu02 
planes, one would expect to observe three bands which 
come from two OP and one IP bands, as indicated by t- 
t'-t"-J model calculation [3]. The fact that we observed 
only two bands implies that the two OP bands, i.e., the 
bonding and anti-bonding OP bands, are nearly degen- 
erate. In fact, the full width at half maximum (FWHM) 
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FIG. 2: (Color online) Energy-momentum intensity plots for 
cuts from the nodal to the off-nodal regions for the OP band 
[(al) - (a3)] and for the IP band [(bl) - (b3)] observed in the 
superconducting (SC) state (T = 10 K). The corresponding 
cuts are shown in the right panels. The photon energies, hv 
= 9 eV and 11.95 eV, enhance the OP and IP bands, respec- 
tively, (c): Momentum dependences of the OP and IP bands. 
The definition of the SC gap Ao and the anti-nodal gap A* 
is shown. 
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FIG. 3: (Color online) Comparison of An and A* between the 
single-, double-, and tri-layer cuprates as functions of hole 
concentration. Their T c are plotted by solid curves. One 
can see that the A 's of LSCO, Bi2212 and Bi2223 show a 
strong dependence on the number of CUO2 plane n while A* 
only weak one. The An and A* values for n = 1 and 2 have 
been taken from ARPES results for LSCO 22] and Bi2212 
0> G3> EH flsL [20j| - Red and blue shades are guide to the eye. 

the case of F0234 (n = 4) . The gap magnitudes for the 
OP and IP bands have been estimated from the peak 
position of the symmetrized energy distribution curve 
(EDC) at each kp fitted to the phcnomcnological model 
[9j . The momentum dependence of the gap magnitude for 
OP is almost simple d-wave, Ao| cos(k x a) — cos(k y a)\/2 
with Ao ~ 43 meV, as shown by a straight line in Fig. 
2(c). On the other hand, the gap for the IP band deviates 
from the simple d-wave around the anti-node ~ (tj-, 0). 
The gap size is characterized by two parameters A ~ 
60 meV around the node and A* ~ 80 meV in the aniti- 
nodal region, where Ao and A* are defined by the lin- 
ear extrapolation of the gap magnitude to the anti-node 
(| cos^a) — cos(fcj,a)|/2 = 1), as shown in Fig. 2(c). Be- 
cause the deviation of the gap anisotropy from the simple 
d-wave is known to be prominent in underdoped cuprates 
17 , [lU , the observed gap anisotropy is consistent with 
the doping levels of the OP and IP estimated from the 
FS areas. Judging from the present result on the gap of 
OP, An, ~ 43 meV, one can conclude that the previous 
ARPES result A - 40 meV for Bi2223 reflected the OP 
band due to the employed photon energies of ~ 22 eV 

In Fig. 3, A and A* for La 2 -xSr x Cu0 4 (LSCO, n = 
1), Bi2212 (n = 2) and Bi2223 {n = 3) are plotted as 
functions of hole doping. In spite of its heavily overdop- 
ing, the Ao of the OP band is almost the same as that 
of optimally doped Bi2212. Furthermore, the Aq of the 



IP is much larger than that of underdoped Bi2212. The 
interpolated values of the Ao of the OP and IP to the 
optimal doping (x ~ 0.16), ~ 50 meV, is larger than A 
~ 40 meV of Bi2212 in the optimally doped region by 
~ 20 %, which ratio almost coincides with the T c ratio 
between Bi2223 and Bi2212. One can see that the Ao for 
the same doping level increases with increasing n from 
ri = 1 to n = 3 while A* weakly increases. Thus, we 
conclude that the larger size of Ao leads to the higher T c 
of - 110 K in Bi2223 than those in LSCO and Bi2212. 

Now, let us discuss possible origins of the enhancement 
of Ao in Bi2223 compared with those in the single- and 
double-layer cuprates shown in Fig. 3. We may consider 
three possible origins that could lead to the large Ao 
for both OP and IP: (1) The values of the next-nearest- 
neighbor hopping parameter —t'/t which has correlation 
with T Cimax Q, ~ 0.26 for OP and - 0.29 for IP, is larger 
than those of the single-layer (-t'Jt~ 0.15 - 0.2) [H,|29| 
and double-layer {-t'/t ~ 0.24) [30] cuprates; (2) Inter- 
layer tunneling of Cooper pairs between OP and IP may 
enhance the SC order parameter 0]; (3) Out-of-plane dis- 
order effect is small in IP because IP is protected from 
the out-of-plane disorder by the OP, and therefore, IP is 
ideally flat [5j. In Fig. 4, we test the correlation between 
gap A , —t'/t at optimal doping (x ~ 0.16) 
[3lj . and A* in the underdoped region (x ~ 0.06) [13] for 
the single-layer (Bi2201, LSCO), double-layer (Bi2212) 
and tri-layer (Bi2223) HTSCs. One can see a remark- 
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FIG. 4: (Color online) Correlation between Ao, —t'/t at op- 
timal doping (x ~ 0.16), A* in the underdoped region (a; ~ 
0.06), and T c ,max from the single- (n = 1) to tri-layer (n = 
3) cuprates. Ao shows the strongest correlation with T c , max 
(T c ,max <x Ao) while —t'/t and A* show only weak correla- 
tion with r c ,max. Parameter values of —t'/t for n = 1 and 2 
have been taken from ARPES results for LSCO [H, Bi2201 
[2S| and Bi2212 [30| . Inset shows correlation between A* and 
—t'/t at x ~ 0.06. The —t'/t values for n = lj_2 in the inset 
are taken from Ref.[H for LSCO and Refs.[H,iil for Bi2212. 



4 



A* shows only weak correlation compared with T C]lnax 
versus Aq. —t'/t shows some correlation with T Cimax , 
but not so strong as T C!max versus Aq. 
In this context, it is interesting to point out that A* is 
weakly dependent on —t'/t, and therefore the large A* 
of IP can be explained by its large —t'/t value as shown 
in the inset of Fig. 4 [33|. Such a dependence of A* on 
—t'/t has been predicted by a t-t'-J model calculation 
[24] ]. The out-of-plane disorder may enhance A* 25. 26|. 
however, the large A* of IP cannot be explained by this 
effect since IP is protected from the out-of-plane disor- 
der. 

In Bi2223, Ao for IP is very large possibly due to the pro- 
tection from the out-of-plane disorder by the presence of 
OPs. Ao for OP is also larger than that in Bi2212 despite 
the influence of the out-of-plane disorder to the same ex- 
tent as in the case of Bi2212. This unusually large Ao of 
OP can be explained by a proximity effect from IP having 
the very large Ao. Such a proximity effect would in turn 
reduce the Ao of IP. The fact that the Ao of IP is never- 
theless very large means that the "original" Ao of IP was 
even larger, or that the proximity effect did not reduce 
the Ao of IP through a mechanism proposed by Okamoto 
and Maier [53|: According to their calculation, the com- 
bination of overdoped and underdoped Cu02 planes can 
enhance the SC order parameter of the overdoped planes 
while the SC order parameter of the underdoped plane 
remains unchanged. It may also be possible that the 
interlayer tunneling of Cooper pairs within the tri-layer 
Q enhances the SC order parameter of the tri-layer sys- 
tem, although interlayer Cooper pair tunneling observed 
by optical conductivity measurement is known to have 
negligible effect on T c [341 ]. Further experimental and 
theoretical studies are necessary to clarify these possibil- 
ities. 

In conclusion, we have measured ARPES spectra of the 
optimally doped Bi2223 and investigated the precise elec- 
tronic structure of the outer and inner Cu02 planes and 
Fermi surfaces. We find that the OP and IP have dif- 
ferent hole concentrations, and that A for the IP band 
is very large probably due to the negligible influence of 
out-of-plane disorder. The relatively large A of the OP 
in spite of its overdoping may originate from the proxim- 
ity effect from the underdoped IP planes. 
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